The extended Rouard method is applied to the computation of a multi-absorbing-layer system for the optimization of surface plasmon resonance (SPR) sensors. Specifically, the effect of the properties of a metallic layer on the shape of the reflectivity and sensitivity curve is demonstrated in the case of a Kretschmann configuration. This theoretical investigation allows us to establish the best optical properties of the metal to obtain a localized SPR, given the illuminating beam properties. Toward the development of a sensitive biosensor based on SPR, we quantify the changes in reflectivity of such an optical biosensor induced by the deposition of a nanometric biochemical film as a function of the metal film characteristics and the illumination operating conditions. The sensitivity of the system emphasizes the potential of such biophotonic technology using metallic multilayer configurations, especially with envisioned metamaterials.
Introduction
Surface plasmon resonance (SPR) has proved to be useful in the development of biosensors, specifically in the determination of biomolecular interactions. [1] [2] [3] SPR is an optical sensing method used to measure small variations in refractive index in the vicinity of a thin metallic film. The phenomenon of SPR emerges from the existence of a plasmon wave. 4 -6 The plasmon wave is an induced effect of the coupling between a ppolarized (i.e., TM polarized) electromagnetic field and the oscillation of a plasma. Coupling is achieved under further particular illumination conditions characterized in part by the spectral characteristic of the source and the angle of incidence at which all the energy of the beam is transferred to the plasmon wave. Kretschmann proposed a prism-metal-air configuration to observe SPR, which we consider in this paper, except that the air layer is replaced by a dielectric medium as illustrated in Fig. 1 . 6 In such configuration the electromagnetic field and the plasma oscillation are represented by the optical wave of the illuminating beam and the oscillation of the charge density of the metallic layer, respectively. Given a TM-polarized collimated beam incident on the structure at a given angle of incidence and a wavelength that ensures phase matching between the parallel component of the wave vector of the incident beam and the wave vector of the surface plasmon wave, the energy can be transferred from the light beam to the plasmon mode. Hence the reflectivity of the incident beam through a Kretschmann configuration will drop to zero if the coupling is perfect between the two waves. As a consequence, a significant dip appears on the reflectivity curve, while we would have expected high reflectivity associated with total internal reflection.
Of interest for the application of biosensors are the evanescent waves propagating along the interface that are extremely sensitive to variations in the refractive index of the dielectric medium in the vicinity of the surface 7 as well as to the metallic layer thickness and material properties. Variations in the dielectric medium may potentially be large, such as those induced by using different dielectric media, or small when induced by the bindings of molecules with the surface. Overall, variations of the stack structure have various effects on the reflectivity curve, such as dip translation, changes in the width and shape of the dip, and finally changes in the coupling efficiency, whose decrease would be demonstrated as a shallower dip in the reflectivity curve. The metallic layer properties are especially critical to the optimization of the stack structure. For a null or large thickness of the metallic layer, where large refers to thicknesses typically larger than 150 nm, the multilayer configuration was previously shown to behave as a mirror. 8 Therefore, between these extreme values, an optimum metallic thickness exists for maximum coupling efficiency.
We investigate in Section 2 the influence of the characteristics of a metallic layer on SPR. We first report the influence of the refractive index on the possibility of exciting the plasmon wave. We then specifically investigate the influence of the layer thickness on the coupling efficiency and on the optimization of the sensor sensitivity. Finally, we investigate the effects of the metallic index of refraction of theoretical materials and the effect of varying the wavelength on the shape of the SPR reflectivity curve, which allows us to quantify their impact on both the coupling efficiency and the sensitivity of the biosensor. In Section 3 we first justify the sensitivity metric for SPR-based biochip imaging that we utilize in our research. Finally, we investigate the influence of the stack structure parameters on the sensitivity of the biosensor, taking into account the necessity of multimetallic configurations to improve the chemical behavior and the capability of our experimental apparatus.
Application of the Extended Rouard Method to the Characterization of Surface Plasmon Resonance
To compare and analyze the different parameters involved in the SPR phenomenon and in particular the effect of the metallic layer characteristics in a multilayer stack, the reflectivity is computed by using the extended Rouard approach detailed in a recent publication. 8 The advantage of this method lies in its simple implementation and generalization to as many layers (dielectric medium or metals) as necessary by the means of recursive loops.
A. Influence of the Metallic Layer Refractive Index on the Plasmon Wave Excitation
In this section we demonstrate the influence of the index of refraction of the metal on the shape of the plasmon curve through the consideration of different metals. To study the effect of the index of refraction of the metal layer on SPR, the parameters of the illuminating beam were first fixed (i.e., angle of incidence and wavelength). A first study was completed by using theoretical indices of refraction for three different metals (i.e., gold, silver, and copper).
As the metal is an absorbing medium, indices of refraction of the metals in the form n ϭ nЈ ϩ inЉ were considered. The importance of their real part nЈ and imaginary part nЉ in achieving the SPR was investigated.
Results reported in Fig. 2 show the boundaries of the zone where SPR occurs in terms of indices of refraction of the metallic layer. The zone where the SPR occurs is delimited by two curves that represent the required, conditions for exciting the plasmon wave. First, the condition of excitation requires a total internal reflection without any metallic layer, which means considering Snell's law that n prism sin prism͞dielectric Ͼ n dielectric .
(
Moreover, the condition of excitation of the plasmon requires that the projection of the wave vector of excitation equal the component of the plasmon wave vector, which means in terms of refractive index that
where n effective index represents the index of the guide of the plasmon wave. n effective index is obtained from the wave vector k SPR given by 7, 10 Fig. 1. Three layer stack representing the Kretschmann configuration. The metallic layer is located between the two dielectric media (i.e., SF11 and water) of refractive index n 1 and n 3 with n 1 Ͼ n 3 . The phase difference arising with the reflection at an interface medium 1͞medium 2 is denoted ⌽ medium 1-medium 2 . Fig. 2 . Boundaries of the index of refraction ͑n ϭ nЈ ϩ inЉ͒ of the layer inserted in order to observe the SPR in the case of a Kretschmann configuration glass-inserted layer-water. The longer dashed curve represents the asymptote of the next curve ͑nЈ ϭ nЉ͒ for a refractive index with a very high real part; it represents the boundary for a material to be a metal. The solid curve (just above) represents the limit of the index of refraction of the inserted layer to yield total internal reflection. The short dashed curves (almost half circular) represent the limit of the refractive index of the inserted layer needed to excite the plasmon wave. The zone in which SPR occurs is delimited by the long solid curve and the appropriate short dashed curve.
where n m and n d represent the indices of refraction of the metal and of the cover dielectric medium, respectively, and is the wavelength of the illuminating beam. This condition is represented by the boundary ͑n prism ϭ n effective index ͒, the solid curve in Fig. 2 . Considering the effective index of the plasmon, according to Eq. (1)
This condition is represented by the almost halfcircular boundaries and depends on the type of glass prism used in the calculation.
Results reported in Fig. 3 show the trajectories of the six metals (silver, gold, copper, chromium, platinum, aluminum) represented in the complex plane in the visible range from 400 to 800 nm. Two sets of dots (i.e., filled and open circles, corresponding to 450 and 750 nm, respectively) were added to show the evolution of the curve as a function of the wavelength, and the associated coordinates are reported in Table 1 . These curves were obtained by smoothing spline interpolation of SOPRA's data for the metals and from Schiebener's data for water. 11,12
B. Optimization of the Metallic Thickness Based on Coupling Efficiency
Even though it is possible to excite the plasmon wave, there is only one thickness associated with a configuration and a wavelength that allows an optimized transfer of energy from the illuminating beam to the plasmon wave. 13, 14 To have a propagating wave in the metallic layer, we must have constructive interference, which means a phase difference equal to 0 for each path after two reflections on the interfaces illustrated in Fig. 1 . 15 Therefore, without any assumption about the complex nature of the different terms of the expression, we have in the case of one metallic layer, inferred from Fig. 1 ,
where
cos ͔͒ and m is an integer. From Eq. (5), the optimum metallic thickness for an optimum coupling coefficient is given as
There is still no assumption about the complex nature of the metallic layer thickness, which is a function of . However, since a thickness should be real, the optimum thickness is obtained from the real part of e metal for an angle that is associated with a null imaginary part.
In Fig. 4 , the curve represents the minimum reflectivity as a function of the metallic layer thickness at 750 nm and for an optimized associated angle of incidence in an SF11-silver layer-water configuration. Note that in the range of good coupling, limited by the full width at half-maximum (FWHM) of the dip, the optimized associated angle of incidence remains almost constant around 51.3°Ϯ 0.3°with or without the additional 1 nm of dielectric as shown in Fig. 5a below and further motivated and detailed in subsection 2.C. A minimum appears in Fig. 4 , which represents the optimum thickness for a maximized coupling coefficient. From Fig. 4 the optimum thickness of a silver film is 47 nm at a wavelength of 750 nm. Note that a perfect coupling might not exist, depending on the metallic layer and the illuminating beam properties. 
C. Influence of the Thickness of the Metallic Layer on Sensitivity
As already explained in Subsection 2.B, at a fixed wavelength and for each metal an optimum thickness exists that maximizes the coupling coefficient. Therefore it is interesting to investigate whether this optimum thickness can be associated with an optimum sensitivity. The configuration we consider in this section remains an SF11-silver-water system (cover medium) at the wavelength of 750 nm. The angular reflectivity curve was first calculated for the configuration SF11-silver-water at a fixed metallic thickness. We thus calculated the angular reflectivity curve after the insertion of a DNA layer simulated by 1 nm of dielectric of index n ϭ 1.46 (as measured for dense layers 16 ) between the silver layer and the cover medium. Figure 5 shows the maximum of the angular differential curve between the two former configurations, with DNA layer and without DNA layer, as a function of the metallic thickness e metal . We calculated that the sensitivity has a maximum for e metal ϭ 54 nm, which is slightly higher than the thickness corresponding to the maximized coupling coefficient as first shown in Fig. 4 .
D. Influence of the Metallic Layer Refractive Index on the Shapes of the Reflectivity and Reflectivity Variation Curves
The theoretical growth of an additional layer of constant index of refraction equal to 1.46 and thickness Fig. 4 . a, Reflectivity curve of the minimum reflectivity as a function of the silver thickness in an SF11-silver-water configuration at 750 nm; with the optimized associated angle of incidence, a minimum appears for a thickness of 47 nm, representing the best coupling coefficient. b, Surface plot of the reflectivity as a function of the angle of incidence and the metallic thickness. The trajectory shows clearly that the resonance angle changes as the metallic thickness changes. Fig. 5 . a, Maximum reflectivity variation curve between an SF11-silver-water configuration and an SF11-silver-DNA layer-water configuration as a function of the silver thickness at 750 nm; a maximum appears for a thickness of 54 nm, representing the best transducing coefficient. The parameters of the homogeneous DNA layer are n ϭ 1.46 and thickness 1 nm. b, Surface plot of the reflectivity variation as a function of the angle of incidence and the metallic thickness, illustrating that the optimum thickness for maximized coupling and maximized sensitivity are slightly different.
1 nm was next computed to simulate the effect of the deposition of biomolecules on a metallic surface. The effect of variations of the index of refraction of the metallic layer on the shape of the reflectivity curve is demonstrated in order to simulate the effect of the insertion of molecules into a dielectric medium with different metallic configurations. In this subsection the term "sensitivity" is used to represent the reflectivity variation after the insertion of 1 nm of the intermediary layer between the metal layer and the water medium.
To investigate the influence of the refractive index of the metallic layer on the shape of the plasmon reflectivity curve, the plasmon curves of four Kretschmann configurations with imaginary materials were studied. Those four materials responded to four couples of refractive index n ϭ nЈ ϩ inЉ with nЈ ϭ 0.1, 0.2 and nЉ ϭ 2.0, 4.0. The optimum thicknesses were calculated by using the same method as in the previous subsection to superimpose and compare the reflectivity curves to one another. Figure 6a illustrates that as the complex part nЉ becomes larger (i.e., from 2.0 to 4.0), the dip becomes significantly narrower. When nЉ varies from to 2 to 4, the FWHM of the dip varies from around 16.7°to 1°and from 21.6°to 2.3°for nЈ ϭ 0.1 and nЈ ϭ 0.2, respectively. Similarly, as the real part of the refractive index nЈ becomes smaller, the dip becomes narrower. When nЈ varies from to 0.2 to 0.1, the FWHM of the dip varies from around 2.3°to 1°and from 21.6°to 16.7°for nЉ ϭ 4 and nЉ ϭ 2, respectively. In Fig. 6b the sensitivity curves of the four Kretschmann configurations (SF11-imaginary materials-water) were computed for the absorption (insertion) of 1 nm of a dielectric with refractive index n ϭ 1.46. In this figure it is also clear that as nЉ becomes larger, the sensitivity curve is more localized relative to the angle of incidence, and the maximum becomes higher. In the same way, as nЈ becomes smaller, the maximum of the angular reflectivity variation curve becomes higher. From those four couples, at a fixed wavelength ͑600 nm͒, it can be seen that the maximum of the sensitivity curve can be associated with the narrowness of the dip of the plasmon curve. This finding signifies that the sensitivity (proportional to the reflectivity variation curve) is increased as nЈ becomes smaller and nЉ becomes higher.
From the trajectories of the metals in the ͑nЈ, nЉ͒ complex plan and the assumptions made above, three Kretschmann configurations with three metals (sil- Fig. 6 . a, Angular reflectivity curves at 600 nm centered around 0°for four materials with optimized coupling thicknesses and offsets in an SF11-material-water configuration, demonstrating the influence of nЈ and nЉ on the narrowness of the absorption dip. b, Angular reflectivity variation curves at 600 nm centered around 0 after the insertion of a 1 nm layer of index of refraction ͑n ϭ 1.46͒. c, Angular reflectivity curves at 700 nm centered around 0°for three metals with different thicknesses (silver, e ϭ 54 nm; gold, e ϭ 51 nm; copper, e ϭ 45 nm) and angular offsets in an SF11-metal-water configuration. d, Angular reflectivity variation curves at 700 nm centered around 0 after the insertion of a 1 nm layer of index of refraction ͑n ϭ 1.46͒. ver, gold, and copper) were chosen. The parameters of those materials are for Ag, nЈ ϭ 0.141, nЉ ϭ 4.490, e ϭ 47 nm; gold, nЈ ϭ 0.160, nЉ ϭ 3.894, e ϭ 51 nm; copper, nЈ ϭ 0.214, nЉ ϭ 4.111, e ϭ 45 nm. In Fig. 6c the plasmon reflectivity curves of the SF11-prismmetal-water configurations are represented as a function of the angle of incidence (with an offset to center the three curves around 0) at 700 nm. From those curves, the influence of nЈ and nЉ on the shape of the reflectivity curves is confirmed. The narrowest dip of SPR is obtained from the silver configuration, which has the smallest nЈ and the highest nЉ of the three metals. In Fig. 6d , as expected, the highest sensitivity curve for the insertion of 1 nm of dielectric with index n ϭ 1.46 is obtained from the silver configuration. Moreover, it is clear that for a fixed wavelength, as the dip becomes narrow, the sensitivity to the insertion of 1 nm of dielectric is increased.
Given that the best metal for SPR requires a small real part nЈ and a large imaginary part nЉ of the refractive index to get a localized dip in terms of the illuminating beam parameters, the silver is preferred, as shown in Fig. 3 .
E. Wavelength Influence on the Shape of Reflectivity and Reflectivity Variation Curves
From the trajectories of the metals and from the evolution of the refractive index of silver, the real part nЈ of the refractive index for silver is almost constant, as shown in Table 1 , while the imaginary part nЉ becomes twice as large as the wavelength increases from 450 to 750 nm. For each wavelength, the optimum thicknesses are calculated in order to have the best coupling coefficient.
In Fig. 7a , as the wavelength increases from 450 to 750 nm, the dip becomes narrower and the angular shift for the insertion of 1 nm of dielectric is higher for 450 nm than for 750 nm. The variation of the complex part nЉ with wavelength explains the narrowing of the dip of absorption as the imaginary part becomes larger.
In Fig. 7b , as expected, since nЈ remains almost constant from 450 to 750 nm and nЉ becomes twice as large, the maximum reflectivity variation associated with the insertion of 1 nm of dielectric is obtained from the 750 nm sensitivity curve with a maximum reaching nearly 9.2%.
Considering the evolution of the various trajectories of the metals in the visible range, we have quantified how the sensitivity increases with the wavelength for the three metals chosen in the Subsection 2.D (silver, gold, and copper).
In this section the parameters of the metallic layer have been investigated and their importance has been demonstrated. From these results the optimization of the metallic thickness to yield the most sensitive Kretschmann configuration is possible.
Sensitivity of the Biosensor
Some SPR sensors are built to detect the position of the minimum of the reflectivity curve. In this case the importance of having an extremely narrow dip is naturally critical for the accuracy of the measurement of this minimum. Two different definitions of sensitivity emerged from this way of measurement and are detailed in recent publications. [17] [18] [19] The first one is based on the angle of incidence shift induced by a variation of the index of the analyte. The second one is based on the wavelength shift induced by a variation of the index of the analyte.
In the case of the SPR imaging sensor developed in our laboratory, the aim is to have an optical sensor sensitive to the insertion of a subnanometric biological layer in the multilayer system between the metal and the dielectric cover medium or, for other applications, to variations in the index of refraction of the aqueous solution (also called buffer) up to an order of about 10
Ϫ5
. Therefore the definition of the sensitivity used in our work is based on the variation of reflectivity induced by the insertion of a layer of 1 nm (index of refraction n ϭ 1.46) in our Kretschmann configuration between the metallic layer and the semi-infinite dielectric medium.
In quantifying the sensitivity of the technique, in this case we are measuring the slope of the plasmon Fig. 7 . a, Angular reflectivity curves of an SF11-silver layerwater configuration for two sets of parameters ( ϭ 450 nm, e ϭ 40 nm; ϭ 750 nm, e ϭ 47 nm) with the insertion of 1 nm of dielectric ͑n ϭ 1.46͒ and without this dielectric. b, Optimized angular reflectivity variation curves after the insertion of 1 nm of dielectric ͑n ϭ 1.46͒ in an SF11-silver layer-water configuration ( ϭ 450 nm, e ϭ 45 nm; ϭ 750 nm, e ϭ 54 nm).
curve on the ascent from the dip because the change in slope is a lot more sensitive than the change in the dip location and also more robust because of the linearity of the response over a large range of the source characteristics (i.e., wavelength and angle of incidence).
We have seen that the slope becomes steeper as the dip becomes narrower. However, it is also important to have not only a narrow dip, since the sensitivity is directly linked to the slope of the plasmon curve, but also a large dip translation, since the sensitivity is the optimized combination between the translation and the slope.
In this section no investigation is performed on the sensitivity to biological layer parameters (i.e., thickness and refractive index). Indeed, with our setup, to first order the reflectivity variation ͑⌬R͒ remains almost constant with a constant product of the thickness e of the inserted dielectric layer and the refractive index variation ⌬n ͑⌬n ϭ n dielectric Ϫ n water ͒. Therefore, for a small change of one of the biological layer parameters, we can consider that a rule of three can be applied to calculate the associated sensitivity.
Although studies performed in Section 2 showed that the silver would be the best metal choice in the visible range from 450 to 750 nm, with gold as a close follower: the gold is usually preferred because of its best chemical stability (i.e., no oxidation) in contact with aqueous solution and also because of the wellknown and widely studied gold-thiol chemical interaction. Since silver and gold are the best metals for maximum sensitivity, the sensitivity of an SF11-silver͞gold couple-water configuration can be computed to benefit from the high sensitivity of silver and chemical stability of gold.
In Fig. 8a the sensitivity for the insertion of 1 nm of dielectric is depicted as a function of the thicknesses of silver and gold at 600 nm. As expected, since the silver configuration is more sensitive, for a fixed thickness of the couple silver͞gold, the sensitivity increases as the ratio thickness of silver versus thickness of gold increases. The maximum sensitivity is thus reached for a null thickness of gold and is up to 9%. However, to use this configuration combining the advantages of the two metals, assuming a minimum thickness of gold of 2 nm, a sensitivity up to 8.35% is achievable, compared with only 3.49% for just gold.
Unfortunately, the silver, like gold, has a poor adherence with glass; therefore chromium or titanium must be inserted to fix the silver or gold layer to the glass prism. 20 From the trajectories of the indexes of refraction of chromium, we expect a loss in sensitivity. In Fig. 8b , the sensitivity for the couple chromium͞ gold drops to a maximum of 3.49% and to around 3.25% for a minimum thickness of chromium of 2 nm, which is the minimum thickness that seems possible experimentally for good binding of gold.
In Fig. 8c , to benefit from the adherence of chromium, from the sensitivity of silver, and from the chemical advantages of gold, a configuration with Fig. 8 . Maximum reflectivity variation for the insertion of 1 nm of dielectric ͑n ϭ 1.46͒ as a function of the thicknesses of a combination of metals (a, silver-gold; b, chromium-gold; c, chromiumsilver-gold) at 600 nm. The white cross represents the maximum reflectivity variation for an SF11-chromium-silver-gold-water configuration with 2 nm of chromium and gold.
2 nm of chromium combined with various thicknesses of silver and gold has been investigated for sensitivity. Inserting the silver layer into the former configuration at 600 nm can increase the sensitivity from 3.49% to more than 6.7% with 2 nm of gold to cover the silver layer (represented by a white cross in Fig. 8c ). This means that the sensitivity could be almost doubled at a fixed wavelength.
As new optical properties are possible nowadays through the discovery of new structures such as metamaterials, 21 it is interesting to compute the optimum sensitivity of a material at 600 nm knowing nЈ and nЉ for the detection of 1 nm of dielectric of index n ϭ 1.46. Figure 9a shows the maximum sensitivity as a function of the index nЈ and nЉ of the hypothetical metamaterial inserted into the Kretschmann configuration. By adjusting the proper thickness for the best coupling coefficient, it is observed that it might be possible to reach a sensitivity of more than 85% with nЈ as small as possible (0.01) and nЉ large (more than 6.7). This study shows that the evolution of SPR sensors can still be greatly improved.
However, the system used in our laboratory is limited by the metallic thickness attainable and the mechanical parameters of the apparatus such as the angular accuracy attainable. Thus, if the absorption dip is too narrow as a function of the metallic thickness, such as defined in Fig. 4 , a stable coupling coefficient might not be possible throughout the surface of the sensor. The sensitivity in some areas of the surface would be dramatically lowered. Moreover, if the absorption dip is too localized in terms of the angle of incidence, the FWHM of the absorption dip may be too small to ensure a near-optimal response in terms of the sensitivity of the apparatus throughout the surface of the sensor.
From previous experiments performed in the laboratory, our apparatus (systemϩbiochip) has an angular dispersion of the SPR of around 0.3°. 22, 23 Therefore, if the angular FWHM of the dip is lower than the angular dispersion of the apparatus, the sensitivity of 85% would have no applicability.
From those two essential parameters for the stability of the apparatus, a metamaterial with an index of refraction of around n ϳ 0.01 ϩ i3.5 would be a good compromise that would give a theoretical reflectivity variation of about 40% nm Ϫ1 compared with a few percent currently achieved.
Conclusions
The Rouard method extended to absorbing media was successfully applied to the modeling of surface plasmon resonance and particularly to the computation of reflectivity through a Kretschmann configuration. In investigating the effect of the optical properties of a metallic layer on the coupling of an illuminating beam with a plasmon wave, it was shown that the best metal to achieve efficient coupling and a localized SPR as a function of the angle of incidence had to be as close as possible to a metal with a solely imaginary index of refraction and that the optimal thickness of the metal was highly dependent on the characteristics of the illuminating beam.
In the application to biosensors, the detection of interactions can be made by measuring variations of optical signals that, in our case, correspond to variations in the reflectivity of a multiple-layer stack. Computations of the sensitivity of the sensor as a function of the characteristics of a realistic metallic multilayer Kretschmann configuration (silver͞gold) showed sensitivity improvements of about a factor of 2. Computing the sensitivity as a function of the index of refraction of a metamaterial also showed that these sensors still have a great potential to improve in sensitivity with the discovery of new structures.
